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Technical Field of the Invention 

The present invention relates generally to the synthesis of high-frequency signals. More 
particularly, the present invention relates to the synthesis of high-frequency local oscillator signals for 
wireless communication applications. 

Background 

Wireless communication systems typically require frequency synthesis in both the receive path 
circuitry and the transmit path circuitry. For example, cellular phone standards in the United States and 
Europe define a cellular telephone system with communication centered in two frequency bands at about 
900 MHz and 1800 MHz. For example, United States cellular phone standards include (1) the AMPS 
(analog), 18-54 (analog/digital), and IS-95 (analog/digital) standards in the 900 MHz frequency band, 
and (2) PCS (digital) standards in the 1800 MHz range. European cellular phone standards include (1) 
the TAGS (analog) and GSM (digital) standards in the 900 MHz frequency band, and (2) the DCS 1800 
(digital) standard in the 1800 MHz range. A dual band cellular phone is capable of operating in both the 
900 MHz frequency band and the 1800 MHz frequency band. 
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Within the frequency bands, the cellular standards define systems in which base station units and 
mobile units communicate through multiple channels, such as 30 kHz (IS-54) or 200 kHz (GSM) wide 
channels. For example, with the IS-54 standard, approximately 800 channels are used for transmitting 
information from the base station to the mobile unit, and another approximately 800 channels are used 

5 for transmitting information from the mobile unit to the base station. A frequency band of 869 MHz - 
894 MHz and a frequency band of 824 MHz - 849 MHz are reserved for these channels, respectively. 
Because the mobile unit must be capable of transmitting and receiving on any of the channels for the 
standard within which it is operating, a frequency synthesizer must be provided to create accurate 
frequency signals in increments of the particular channel widths, such as for example 30 kHz increments 

1 0 in the 800-900 MHz region. 

Phase-locked loop (PLL) circuits including voltage controlled oscillators (VCOs) are often used 
in mobile unit applications to produce the desired output frequency (four)- The output frequency may be 
made programmable by utilizing an output frequency feedback divider (-^-N) and a reference divider (-^R) 
for an input reference frequency (fREp). The output frequency produced is a fiinction of the values 
selected for "N" and "R" in the divider circuits, such that four = NCfREp/R). The PLL circuitry typically 
utilizes a phase detector to monitor phase differences (A9) between the divided reference frequency 
(fREp/R) and the divided output frequency (four/N) to drive a charge pump. The charge pump delivers 
packets of charge proportional to the phase difference (AG) to a loop filter. The loop filter outputs a 
voltage that is connected to the VCO to control its output frequency. The action of this feedback loop 
attempts to drive the phase difference (AG) to zero (or at least to a constant value) to provide a stable and 
programmable output frequency. 

The values for the reference frequency and the divider circuits may be chosen depending upon 
25 the standard under which the mobile unit is operating. For example, within the United States IS-54 
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system, a PLL could be built such that i^^/K = 30 kHz and such that N is on the order of 30,000. The 
output frequency, therefore, could then be set in 30 kHz increments to frequencies in the 900 MHz 
frequency band. Similarly, within the European GSM system, a PLL could be built such that fREp/R = 
200 kHz and such that N is on the order of 4,500. The output frequency, therefore, could then be set in 
5 200 kHz increments to frequencies in the 900 MHz frequency band. 

The performance of the communication system, however, is critically dependent on the purity of 
the synthesized high-frequency output signals. For signal reception, impure frequency sources result in 
mixing of undesired channels into the desired channel signal. For signal transmission, impure frequency 
10 sources create interference in neighboring channels. A frequency synthesizer, therefore, must typically 
meet very stringent requirements for spectral purity. The level of spectral purity required in cellular 
telephone applications makes the design of a PLL synthesizer solution and, in particular, the design of a 
VCO within a PLL synthesizer solution quite demanding. 

15 Three types of spectral impurity will typically occur in VCO circuits that are used in PLL 

implementations for frequency synthesis: harmonic distortion terms associated with output frequency, 
spurious tones near the output frequency, and phase noise centered on the output frequency. Generally, 
harmonic distortion terms are not too troublesome because they occur far from the desired fimdamental 
and their effects may be eliminated in cellular phone circuitry external to the frequency synthesizer. 

20 Spurious tones, however, often fall close to the fimdamental. In particular, spurious tones at frequencies 
of ifREp/R from the output frequency (four) are often found in the output frequency spectrum. These are 
called reference tones. Spurious tones, mcluding reference tones, may be required by a cellular phone 
application to be less than about -70dBc, while harmonic distortion terms may only be required to be less 
than about -20 dBc. It is noted that the "c" indicates the quantity as measured relative to the power of the 

25 "carrier" frequency, which is the output frequency. 
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Phase noise is imdesired energy spread continuously in the vicinity of the output frequency, 
invariably possessing a higher power density at frequencies closer to the fundamental of the output 
frequency. Phase noise is often expressed as dBc/VHz or dBc/Hz. Phase noise is often the most 
5 damaging of the three to the spectral purity of the output frequency. Because of the effect phase noise 
has on system performance, a typical cellular application might require the frequency synthesizer to 
produce an output frequency having phase noise of less than about -110 dBc/VHz at 100 kHz from the 
output frequency. 

10 Because the phase noise specifications are so stringent in cellular phone applications, the VCOs 

used in cellular phone PLL synthesizer solutions are typically based on some resonant structure. 
Ceramic resonators and LC tank circuits are common examples. While details in the implementation of 
LC tank oscillators differ, the general resonant structure includes an inductor (L) connected in parallel 
with a fixed capacitor (C) and a variable capacitor (Cx). In the absence of any losses, energy would slosh 

15 between the capacitors and the inductor at a frequency four = (l/27t)[L(C + Cx)]'^^^ Because energy will 
be dissipated in any real oscillator, power in the form of a negative conductance source, such as an 
amplifier, is applied to maintain the oscillation. It is often the case that the series resistance of the 
inductor is the dominant loss mechanism in an LC tank oscillator, although other losses typically exist. 

20 While it is highly desirable to integrate the VCO with the other components of the PLL onto a 

single integrated circuit for cost, size, power dissipation, and performance considerations, barriers to 
integration exist. One of the more significant barriers is the lack of precision in the values of the 
inductors and capacitors used in the LC tank of the PLL. This tolerance problem typically forces most 
PLL synthesizer implementations to modify the inductor or capacitor values during production, for 

25 example, by laser trimming. Further complicating integration is the difficulty in integrating an inductor 
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with a low series resistance and a capacitor with a reasonably high value and with low loss and low 
parasitic characteristics. In integrating capacitance values, a significant problem is the high value of a 
typical loop filter (LF) capacitor component, which is often on the order of 1-10 jiF. Another significant 
problem is the absence of a variable capacitance (Cx) component that possesses a highly-variable 
5 voltage-controlled capacitance that is not also a high loss component that causes phase noise. To provide 
this variable capacitance (Cx) component, a high-precision reverse-biased diode or varactor is typically 
utilized. However, such high-performance varactors require special processing and, therefore, have not 
been subject to integration with the rest of the PLL circuitry. In short, although integration onto a single 
integrated circuit of a PLL implementation for synthesizing high-frequency signals is desirable for a 
10 commercial cellular phone application, integration has yet to be satisfactorily achieved. 

Summary of the Invention 

In accordance with the present invention, a method and apparatus for synthesizing high- 
fi-equency signals is disclosed that overcomes the integration problem associated with prior 

15 implementations and meets the demanding phase noise and other impurity requirements. The present 
invention achieves this advantageous result by implementing a phase-locked loop (PLL) fi-equency 
synthesizer with a variable capacitance voltage controlled oscillator (VCO) that includes a discretely 
variable capacitance in conjunction with a continuously variable capacitance. The discretely variable 
capacitance may provide coarse tuning adjustment of the variable capacitance to compensate for 

20 capacitor and inductor tolerances and to adjust the output firequency to be near the desired output 
fi-equency. The continuously variable capacitance may provide a fine tuning adjustment of the variable 
capacitance to focus the output fi-equency to match precisely the desired output fi-equency and to provide 
compensation for post-calibration drift of the PLL circuitry. The present invention avoids the need for a 
traditional varactor implementation in the VCO, for a traditional large capacitor component in the loop 
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filter, and for component trimming during processing and thereby provides a high-frequency frequency 
synthesizer that may be fully integrated on a single chip except for an external inductor. 

In one embodiment, a wireless communication frequency synthesizer having a phase locked loop is 
5 provided. The synthesizer may include a controllable oscillator, a first clock node coupled to an output 
of the controllable oscillator, and a second clock node coupled to a reference clock. The synthesizer 
further includes a phase detector have at least a first input, a second input, and a first output, the first 
input being coupled to the first clock node and the second input being coupled to the second clock node, 
and a sample and hold circuit coupled to the phase detector first output, the sample and hold circuit 
10 having at least one sample and hold output, the sample and hold output coupled to at least one input of 
the controllable oscillator. 

In another embodiment, a method of operating a wireless communication frequency synthesizer 
having a phase locked loop is provided. The method includes generating at least one first clock signal, 

15 the first clock signal being derived from an output clock signal of phase locked loop, and generating a 
second clock signal, the second clock signal being derived from a reference clock signal of phase locked 
loop. The method fiirther includes detecting a phase difference between the at least one first clock signal 
and the second clock signal, providing an phase difference output signal indicative of the detected phase 
difference, sampling and holding the phase difference output signal at timed intervals; generating at least 

20 one control signal from the sampling and holding step, and controlling the output frequency of a 
controllable oscillator of the phase locked loop with the at least one control signal. 
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Description of the Drawings 

It is noted that the appended drawings illustrate only exemplary embodiments of the invention 
and are, therefore, not to be considered limiting of its scope, for the invention may admit to other equally 
effective embodiments. 

5 

FIG. 1 is a block diagram of receive path circuitry for a wireless communication device, such as 
a mobile unit in a cellular phone system. 

FIG. 2 is a block diagram of phase-locked loop (PLL) circuitry for synthesizing frequencies 
1 0 required by the frequency synthesizer in FIG. 1 . 

FIG. 3 (Prior Art) is a block diagram of a typical prior art implementation for a LC tank voltage 
controlled oscillator (VCO) within the PLL depicted in FIG. 2. 

15 FIG. 4 depicts a general circuit diagram of a digital and analog VCO implementation according 

to the present invention. 

FIG. 5 is a block diagram of a frequency synthesizer that takes advantage of a digital and analog 
VCO implementation according to the present invention. 

20 

FIG. 6A is a block diagram of an integrated circuit (IC) according to the present invention that 
may provide frequency synthesis for a dual band mobile phone application. 
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FIG, 6B is a block diagram of an alternative embodiment according to the present invention for 
the integrated circuit (IC) depicted in FIG. 6A that provides dual frequency bands with a single RF 
frequency PLL. 

5 FIG. 7 is a circuit diagram of an embodiment for discretely variable capacitance circuitry 

according to the present invention. 

FIG. 8 is a block diagram of an embodiment for discrete control circuitry according to the 
present invention for providing a digital control word to the discretely variable capacitance circuitry of 
10 FIG. 7. 

FIGS. 9 A, 9B and 9C are circuit diagrams depicting parasitic capacitances associated with the 
components in FIG. 7 and a transistor modification for alleviating problems associated with these 
parasitic capacitances. 

15 

FIG. 10 is a block diagram of a differential embodiment according to the present invention for 
the VCO depicted in FIG. 4. 

FIG. 1 1 is a circuit diagram of a differential amplifier according to the present invention for the 
20 differential embodiment depicted in FIG. 10. 

FIG. 12 is a circuit diagram depicting transistors that may be added to the differential 
embodiment of FIG. 10 to improve the performance of capacitor pairs within the discretely variable 
capacitance circuitry. 

25 
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FIG. 13 is a diagram of an embodiment of a VCO for achieving dual band operation for the VCO 
depicted in FIG. 6B. 

FIG. 14 is a block diagram of an alternative embodiment of a VCO for achieving dual band 
5 operation for the VCO depicted in FIG. 6B using two VCOs within a single PLL circuit. 

FIG. 15 is a block diagram of a frequency sjmthesizer utilizing a digital and analog VCO 
implementation according to the present invention. 

1 0 FIG. 1 6 is a block diagram of the analog control loop of the frequency synthesizer of FIG. 1 5 . 

FIGS. 17A, 17B, 17C and 17D are circuit diagrams of embodiments of a continuously variable 
capacitor circuit. 

15 FIG 18 is a capacitance verses conductance graph of the circuit of FIG. 17C. 

FIG. 19 is an alternative embodiment of a continuously variable capacitor circuit. 
FIG. 20 is a shift register timing diagram. 

20 

nG.21 is a function block diagram of a phase detector / sample hold circuit. 

FIG. 22 is a diagram of a phase detector / sample hold circuit. 

25 FIG. 23 is a voltage generator for use with the circuit of FIG. 22. 
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FIG. 24A and 24B are timing diagrams of a voltage node of the circuit of FIG. 22. 



FIG. 24C is a timing diagram for the circuit of FIG. 22. 

FIG. 25 is a block diagram of an implementation of a plurality of the circuits of FIG. 22. 

FIGS. 26-31 are diagrams of the transfer function characteristics of the analog control 
techniques. 

FIG. 32 is a circuit diagram for an alternative method of generating a plurality of VCO control 
voltages. 

Detailed Description of the Invention 

The present invention contemplates a method and apparatus for synthesizing high-frequency 
signals by implementing a phase-locked loop (PLL) frequency synthesizer with a variable capacitance 
voltage controlled oscillator (VCO) that includes a discretely variable capacitance in conjunction with a 
continuously variable capacitance. In particular, the frequencies synthesized by the present invention 
may be used in receive and transmit path circuitry for wireless communication devices. 

FIG. 1 is a block diagram of receive path circuitry 150 for a wireless communication device, 
such as a mobile unit in a cellular phone system. An incoming signal is received by the antenna 108, 
filtered by a band-pass filter 110, and amplified by a low noise amplifier 112. This received signal is 
typically a radio-frequency (RF) signal, for example a 900 MHz or 1800 MHz signal. This RF signal is 
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usually mixed down to a desired intermediate frequency (IF) before being mixed down to baseband. 
Using a reference frequency (fREp) 106 from a crystal oscillator 105, frequency synthesizer 100 provides 
an RF mixing signal (RFqut) 102 to mixer 114. Mixer 114 combines this RFqut signal 102 with the 
filtered and amplified input signal (RFin) 1 13 to produce a signal 1 15 that has two frequency components 
5 represented by I RFj^ + RPqut I and | KF^ - RFqut 1 • The signal at the latter of these two is selected by 
band-pass filter 116 to provide an IF signal 117. This IF signal 117 is then amplified by variable gain 
amplifier 118 before being mixed down to baseband by mixers 122 and 124. 



Signal processing in mobile phones is typically conducted at baseband using in-phase (I) and 
10 quadrature (Q) signals. The Q signal is offset from the I signal by a phase shift of 90 degrees. To 
provide these two signals, an IF mixing signal (IFqut) 104 and a dual divide-by-two and quadrature shift 
block (^2/90°) 120 may be utilized. Frequency synthesizer 100 generates an IFqut signal 104, for 
example at about 500 MHz, that is divided by 2 in block 120 to provide IFout/2 mixing signals 1 19 and 
121. Block 120 delays the signal 121 to mixer 122 by 90 degrees with respect to the signal 1 19 to mixer 
15 124. Block 120 may be implemented with two flip-flop circuits operating off of opposite edges of the 
EFqut signal 104, such that the output of the flip-flops are half the frequency of the IFq^t signal 104, and 
are 90 degrees offset from each other. The resulting output signals 123 and 125 have two frequency 
components represented by | IF + IFout/2 I and | IF - IFout/2 I . The latter frequency component is the 
desired one and is typically selected such that the baseband signal is centered at DC (f = 0 Hz). 
20 Assuming the baseband frequency is centered at DC, the I IF - IFout/2 I signal is selected using low-pass 
filters 126 and 128. The resulting baseband signal 123 is the Q signal, and the resulting baseband signal 
125 is the I signal. These signals 123 and 125 may be ftirther processed at baseband by processing block 
130 and provided to the rest of the mobile phone circuitry as I and Q signals 13 1 and 132. 
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FIG. 2 is a block diagram of phase-locked loop (PLL) circuitry 200 for synthesizing one of the 
frequencies required by frequency synthesizer 100. A second PLL 200 may be implemented to provide 
the second frequency. The reference frequency {f^) 106 is received by a divide-by-R (h-R) counter 204, 
and the output frequency (four) 102 is received by a divide-by-N (h-N) counter 214. The resulting 
5 divided signals (f^n) 216 and (f^N) 218 are received by a phase detector (PD) 206, The PD 206 
determines the phase difference (AG) between the phase (9^r) of the divided signal 216 and the phase 
(6^n) of the divided signal 218. The PD 206 uses this phase difference (A9) to drive a charge pump (CP) 
208. The CP 208 provides a voltage output that is filtered by a loop filter 210 to provide a voltage 
control (Vq) signal 220. The signal 220 controls the output frequency (four) 102 of a voltage 

10 controlled oscillator (VCO) 212. The values for N and R may be selected to provide a desired output 
frequency such that four = N (fREp/R). For a typical mobile phone application, the IFqut frequency 104 
will remain constant, while the RFqut frequency 102 will change depending upon the channel of the 
incoming signal. ITius, a first PLL may be used to provide the EFqut frequency 104, and its N and R 
values may be programmed once and then left alone. A second PLL may be used to provide the RFqut 

15 frequency 102, and its N and R values may be selectively programmed to provide the desired RFqut 
signal 102. If desired, the R value for this second PLL may be programmed once and left alone, while 
the N value may be used to select the desired RFqut signal 102. 



The transmit path circuitry (not shown) for a wireless communication device, such as a mobile 
20 unit in a cellular phone system, may include circuitry to move the outgoing signal from baseband to an 
RF transmission frequency. A transmit frequency band for cellular phone systems typically includes the 
identical number of channels as included within the receive frequency band. The transmit channels, 
however, are shifted from the receive channels by a fixed frequency amount. In such a system, a cellular 
phone application may utilize the RF mixing signal (RFqut) 102 synthesized by the frequency 
25 synthesizer 100 for a given channel in both the receive path and the transmit path circuitry. For example, 
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if the frequency synthesizer 100 has been designed as part of the receive path circuitry 150, the RF 
mixing signal (RFqut) 102 for a given channel within the receive frequency band may be shifted by the 
fixed frequency amount to provide a desired RF mixing signal to the transmit path circuitry. 
Alternatively, the frequency synthesizer 100 may be designed as part of the transmit path circuitry, or 
5 two separate frequency synthesizers 100 may be utilized. 

FIG. 3 (Prior Art) is a block diagram of a typical prior art implementation for VCO 212 using an 
LC tank oscillator and varactor 312. As also discussed above, the typical use of a varactor in cellular 
phone applications has been a major factor in limiting the integration of PLL circuitry 200 into a single 

10 chip. Looking to FIG. 3 (Prior Art), an external inductor (Lext) 302 and an external capacitor (Cext) 304 
are connected in parallel with a variable capacitance (Cx) 306 and a negative conductance source (-G) 
314. Because there will be some losses within the VCO, negative conductance source (-G) 314 is 
provided as an active device that adds back energy lost to sustain oscillation. The variable capacitance 
(Cx) 306 is implemented using a fixed coupling capacitor (Cc) 308 connected in series with a varactor 

15 (Dvar) 312. Varactor (Dvar) 312 is a reverse-biased diode that has a capacitance which is continuously 
variable depending upon the reverse-bias voltage applied at the voltage control node (Vc) 220. This node 
(Vc) 220 is connected between the coupling capacitor (Cc) 308 and the variable diode (Dvar) 312 
through a coupling resistor (R^) 310. The value of the coupling resistor (Rc) 310 is chosen to be large so 
that it is effectively an open circuit at high frequencies {i.e., near the frequency of oscillation). The 

20 variable capacitance (Cx) 306 is the series combination of the coupling capacitor (Cc) 308 and the 
voltage-controlled capacitance of the varactor (Dvar) 312. The output oscillation frequency (four) 102 is 
thereby made to be a function of the voltage control node (Vc) 220, such that four = (1/27c)[Lext(Cext + 
Cx(Vc))]"^'^ 
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As discussed above, it is desirable for the PLL circuitry 200 to be integrated onto a single chip. 
As also discussed above, however, prior to the present invention, commercial cellular phone applications 
have been limited to integration of only parts of the circuit portions within the PLL circuitry 200. For 
example, the dotted line 202 depicted in FIG. 2 represents the portions of the PLL circuitry 200 that have 
5 been integrated into a single integrated circuit. The present invention, however, provides a frequency 
synthesis solution that is capable of full integration while still providing high fidelity high-frequency 
signals. The present invention is now described in general aspects with respect to FIGS. 4 and 5. 

FIG. 4 depicts a general circuit diagram of a VCO 400 according to the present invention that 
10 avoids problems associated with prior art designs. The VCO 400 produces an output frequency (four) 
102 using an LC tank oscillator having an external inductor (Lext) 302. The external capacitor (Cext) 
304 represents any desired externally connected capacitance and the parasitic capacitance of the 
semiconductor device leads. Unlike the prior art, the present invention achieves a variable capacitance 
(Cx) 401 with a discretely variable capacitance (Cq) 402 in conjunction with a continuously variable 
15 capacitance (C^) 406. The discretely variable capacitance (Cq) 402 may be controlled by a digital 
control word (Be) 404, and the continuously variable capacitance (C^) 406 may be controlled by a 
voltage control signal (Vc) 408. It is noted that the digital control word (Be) 404 and the voltage control 
signal (Vc) 408 may be a single signal or a plurality of signals, as desired, depending upon the 
implementation for the discretely variable capacitance (Cq) 402 and the continuously variable 
20 capacitance (Ca) 406. A fixed capacitance (Cp) 410 represents internal parasitic capacitance along with 
any desired fixed capacitance connected internally to the integrated circuit. A negative conductance 
source (-G) 314 is also provided to take care of losses in the VCO 400. 



In operation, the discretely variable capacitance (Cq) 402 may be used after manufacture to 
25 dynamically compensate for any component tolerance problems including all of the internal capacitance 
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values, any external capacitor (Cext) 304, and the external inductor (Lext) 302. In addition, the 
discretely variable capacitance (Co) 402 may be used to provide coarse tuning of the desired output 
frequency, thereby reducing the frequency range that must be covered by variations in the capacitance of 
the continuously variable capacitance (CJ 406. After coarse tuning by the discretely variable 
5 capacitance (Cq) 402, the continuously variable capacitance (Ca) 406 may be used to provide fine tuning 
of the desired output frequency. This coarse and fine tuning initially calibrates the output frequency 
(four) 102 to the desired output frequency. After the initial calibration, the continuously variable 
capacitance (CJ 406 may be used to compensate for any post-calibration frequency drift. Such post- 
calibration frequency drift will typically occur due to a variety of factors, including for example 
10 temperature variations. In this way, the present invention allows for the VCO 400 to be manufactured 
without the trimming requirements of prior implementations and allows a high-frequency PLL frequency 
synthesizer to be integrated on a single integrated circuit. In particular, the high-frequency PLL 
frequency synthesizer of the present invention provides an output frequency having phase noise of less 
than about -110 dBc/^Hz at 100 kHz from the output frequency. 

15 

An example will now be provided for the coarse and fine tuning that may be provided by a VCO 
400 according to the present invention. As described above, the United States IS-54 standard utilizes on 
the order of eight hundred 30 kHz wide channels in a frequency band of 869 MHz - 894 MHz for 
transmitting information from a base station to a mobile unit. One receive channel may be for example 

20 at 870.03 MHz. Assuming that a cellular phone application has been designed to have an IF frequency of 
250 MHz, the RF mixing frequency that must be synthesized by the frequency synthesizer for this 
channel would need to be 1 120.03 MHz. (It is noted that for the 900 MHz frequency band, the RF 
mixing frequency utilized is typically above the channel frequency, although an RF mixing frequency 
below the channel frequency may also be used.) The discretely variable capacitance (Co) 402 may be 

25 designed to coarsely tune the RF output frequency of the frequency synthesizer to about 0.1 % of the 
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desired frequency of 1 120.03 MHz or to within about 1 MHz. The continuously variable capacitance 
(Ca) 406 may be designed to provide a frequency range of about 1% of the desired frequency of 1 120.03 
MHz or a range of about 1 1 MHz, which is about 10 times the coarse tuning accuracy of the discretely 
variable capacitance (Co) 402. This frequency range allows the continuously variable capacitance (CJ 
5 406 to finely tune the RF output frequency of the frequency synthesizer to the desired frequency of 
1 120.03 MHz and to compensate for post-calibration frequency drift. The initial voltage input values for 
the continuously variable capacitance (CJ 406 may be selected so that the continuously variable 
capacitance (CJ 406 may move the RF output frequency either up or down by roughly the same amount. 

10 FIG. 5 is a block diagram of a frequency synthesizer 500 that takes advantage of a digital and 

analog VCO 400 according to the present invention. The input reference frequency (f^j) 106 is received 
by the divide-by-R (-s-R) counter 204. The output frequency (four) 102 is received by the divide-by-N 
(-^N) counter 214. The discrete control block 502 receives the divided output frequency (four/N) 218 and 
the divided reference frequency (f^/R) 216, and the discrete control block 502 outputs a digital control 

15 word (Be) to the digital and analog VCO 400. The phase detector (PD) 206 compares the phase 
difference between the divided output frequency (four/N) 218 and the divided reference frequency 
(fREp/R) 216 and provides signals to the charge pump (CP) 208 that depends upon this phase difference. 
The output of the charge pump (CP) 208 is filtered by the loop filter (LF) 210 to provide a first control 
voltage node 508. Initial voltage generator block (V^) 504 provides a second control voltage node 510. 

20 A switch (SW) 512 allows for selection of control voltage node 5 10 as the voltage node to be provided to 
the voltage control (Vc) input 408 to the digital and analog controlled VCO 400. 

When PLL 500 initiates, control of the output frequency (four) 102 lies with discrete control 
block 502. The switch 512 selects the initial voltage node 510 as the voltage control for the voltage 
25 control (VJ input 408. The voltage control (Vc) is used as the control voltage for the continuously 
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variable capacitance (CJ 406 within the digital and analog controlled VCO 400. In addition to 
providing a voltage input to the voltage control (Vc) input 408, this connection also charges the 
capacitors within the loop filter (LF) 210 to an initial voltage value. The discrete control block 502 
includes digital logic that will determine through a desired procedure how to adjust the discretely 
5 variable capacitance (Co) 402 to coarsely tune the output frequency (fouj) 102. This determination may 
depend for example upon a comparison of the reference frequency ({^^) 106 to the output frequency 
(four) 102 or a comparison of the divided reference frequency (faEp/R) 216 to the divided output 
frequency (W/N) 218. Depending upon the determination made, the discrete control block 502 may 
adjust the digital control word (Be) 404. The digital control word (Be) 404 is used to provide control 
10 signals to the discretely variable capacitance (Co) 402 within the digital and analog controlled VCO 400. 

Once the discrete control block 502 completes its coarse tuning procedure, the discrete control 
block 502 may fix the digital control word (Be) 404 and then assert the START signal 506 to change 
switch (SW) 512 so that it deselects the control node 510. At this point, the control voltage node 508 

15 supplies the voltage to the control voltage (VJ node 408. The divide-by-R (^R) and divide-by-N (-^-N) 
counters 204 and 214 are reset with the zero-phase restart (ZPR) signal 505. The zero-phase restart 
(ZPR) signal 505 presets the counters within the divide-by-R (-^R) and divide-by-N (^N) counters 204 
and 214 so that the initial phase error is as small as possible when the first analog loop becomes 
operable. From this point, the output frequency (fo^) 102 is fine tuned by the continuously variable 

20 capacitance (Ca) 406 through operation of phase detector (PD) 206, the charge pump (CP) 208 and the 
loop filter (LF) 210. If desired, the discrete control 502 may continue to monitor the output frequency 
(W) 102. If too great of an error is detected, discrete control 502 may move the switch (SW) 512 back 
to select initial control node 510 and again modify the digital control word (Be) 404 based upon a desired 
procedure. 

25 
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In the embodiment depicted, therefore, only one control loop, either digital or analog, is tuning 
the output frequency (four) 102 at any given moment. Initially, when the output frequency (four) 102 is 
likely far from the desired frequency, the digital control loop is operable and the output frequency(fouT) 
102 is modified by the digital control word (Be) 404 provided by the discrete control block 502. When 
5 the discrete control block 502 completes its coarse tuning procedure, the discrete control block 502 may 
assert the START signal 506, thereby starting the action of the analog loop by setting the switch (SW) 
512 to deselect the initial voltage generator block (Vinu) 504 and pass control to the voltage control node 
508. At this point, the analog loop begins fine tuning the output frequency (fom) 102 until a stable 
output frequency is reached. To allow the continuously variable capacitance (C^) 406 within the analog 
10 loop to move the output frequency (four) 102 either faster or slower in roughly equal amounts, the 
voltage value provided by the initial voltage generator block (Vovit) 504 may be selected to be within the 
middle of the voltage range that may be provided by the control voltage node 508 from the loop filter 
(LF) 210. It is also noted that if desired, an embodiment could be implemented in which both the digital 
and analog control loops are active at the same time. 

15 

Further details of the present invention as utilized in a cellular phone application will now be 
described. In particular, an overall block diagram for a dual band (900 MHz and 1800 MHz) cellular 
phone application is described with respect to FIGS. 6 A and 6B. 

20 FIG. 6A is a block diagram of an mtegrated circuit (IC) 600 according to the present invention 

that may provide frequency synthesis for a dual band (e.g., 900 MHz and 1800 MHz) cellular phone 
application. The IC 600 communicates with external control circuitry through serial interface circuitry 
606, which may have for example an enable signal (EN__bar) pin, a serial data input (SDATA) pin, and a 
serial clock input (SCLK) pin. (It is noted that the suffix "_bar" is used to denote a signal that is typically 

25 asserted when at a low logic level.) Serial interface circuitry 606 may also include an internal shift 
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register in which data and command bits may be stored. This register may be for example, a 22-bit shift 
register that may be serially loaded through the external pin connections. The serial interface circuitry 
606 communicates with the rest of the circuitry through internal bus 605. 

5 Other external pin connections for IC 600 may also include a power down control (PDN_bar) pin 

connected to power down control circuitry 604 and clock input (XIN) and output (XOUT) pins connected 
to reference amplifier circuitry 602. As depicted, the reference amplifier circuitry 602 may, if desired, 
include a compensation digital-to-analog converter (DAC) register that controls variable capacitances 
(Cv). In this embodiment, a crystal resonator may be connected between clock input (XIN) and output 
10 (XOUT) pins to complete the circuit, and the output of the reference amplifier circuitry 602 is the 
reference frequency (f^), which is used for synthesizing the desired output frequencies. Alternatively, 
the clock input (XIN) pin may be directly connected to receive the reference frequency (f^j) from an 
oscillator circuit that has its own compensation circuitry, as depicted in FIG. 1. In this alternative 
embodiment, the output (XOUT) pin would not need to be used. 

15 

The IC 600 provides the RF output frequency and the IF output frequency needed to mix the 
incoming RF signal to an IF frequency and then to baseband. These frequencies are available through an 
RF output pin (RFOUT), which is connected to an output buffer 624, and an IF output pin (IFOUT), 
which is also connected to an output buffer 642. These output frequencies are synthesized by the RFl 

20 synthesizer, the RF2 synthesizer, and the IF synthesizer. To provide a dual band solution, the IC 600 is 
able to synthesize RF output frequencies in two signal bands through RFl synthesizer and the RF2 
synthesizer. An RF select bit (RFSEL bit) 622 communicated through the serial interface circuitry 606 is 
used to control multiplexer 618 to select either the RFl synthesizer output or the RF2 synthesizer output. 
The RF select bit (RFSEL bit) 622 is also used to control multiplexer 620 to select either the RFl output 

25 power level setting 6 1 6 or the RF2 output power level setting 632. 
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The RFl synthesizer may include reference divider circuitry 608, output divider circuitry 614, 
phase detector/loop filter 610, and a VCO 612. The reference divider circuitry 608 may include a 
register for the divide-by-R value and divide-by-R circuitry. The output divider circuitry 614 may 
5 include a register for the divide-by-N value, a pre-scaler and counter circuitry (Swallow A Counter; Np 
Counter), as is well known to those of skilled in the art. The phase detector/loop filter 610 may include a 
phase detector gain register, phase comparator circuitry ((j)), and filter circuitry (LF). The registers may 
be loaded through the internal bus 605 with data received through the serial interface circuitry 606. The 
VCO 612 has connections for an external inductor (RFLA/B), which may be selected to provide an 
1 0 output for the RFl synthesizer in a desired frequency band. 

The RF2 synthesizer may include reference divider circuitry 626, output divider circuitry 634, 
phase detector/loop filter 628, and a VCO 630. The reference divider circuitry 626 may include a 
register for the divide-by-R value and divide-by-R circuitry. The output divider circuitry 634 may 

1 5 include a register for the divide-by-N value, a pre-scaler and counter circuitry (Swallow A Counter; Np 
Counter), as is well known to those of skilled in the art. The phase detector/loop filter 628 may include a 
phase detector gain register, phase comparator circuitry (<t)), and filter circuitry (LF). The registers may 
be loaded through the internal bus 605 with data received through the serial interface circuitry 606. The 
VCO 630 has connections for an external inductor (RFLC/D), which may be selected to provided an 

20 output for the RF2 synthesizer in a desired frequency band that may be different from the frequency band 
of the RFl synthesizer. 

The IF synthesizer may include reference divider circuitry 636, output divider circuitry 644, 
phase detector/loop filter 638, and a VCO 640. The reference divider circuitry 636 may include a 
25 register for the divide-by-R value and divide-by-R circuitry. The output divider circuitry 644 may 
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include a register for the divide-by-N value, a pre-scaler and counter circuitry (Swallow A Counter; Np 
Counter), as is well known to those of skilled in the art. The phase detector/loop filter 638 may include a 
phase detector gain register, phase comparator circuitry ((j)), and filter circuitry (LF). The registers may 
be loaded through the internal bus 605 with data received through the serial interface circuitry 606. The 
5 VCO 640 has connections for an external inductor (EFLA/B), which may be selected to provide an output 
for the IF synthesizer in a desired frequency range. As with the RFl and RF2 synthesizers, the IF 
synthesizer also has an output buffer 642 that receives an IF output voltage level setting 646. 

It is understood that the embodiment depicted in FIG. 6A is an example embodiment and that 
10 modifications could be made to the design without departing fi-om the present invention. The RFl, RF2, 
and IF synthesizers may be implemented utilizing the PLL depicted in FIG, 5 and the VCO depicted in 
FIG. 4. Possible altemative implementations to FIG. 6A are now described with respect to FIG. 6B, 
FIG. 13 and FIG. 14. 



15 FIG. 6B is a block diagram of an altemative embodiment for the integrated circuit (IC) 600 

depicted in FIG. 6A. This altemative embodiment also provides frequency synthesis for a dual band 
mobile phone applications, but does so with a single RF synthesizer. The advantageous result is 
achieved by implementing the VCO 612 with the capability of switching between two output firequency 
bands. In so doing, the reference divider 608, the output divider 614, the phase detector/loop filter 610, 

20 and the power output level setting 616 operate to synthesize firequencies in both bands without a change 
in circuitry. The programmable nature of the divider circuits 608 and 614 and the phase detector/loop 
filter 610 allows a selection of the desired operating parameters. The dual band VCO 612 provides 
output oscillation frequencies in two different desired fi-equencies bands. 
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FIG. 13 is a diagram of an embodiment 1300 for achieving a dual band operation for VCO 612. 
The VCO 612 receives a voltage control (Vc) signal 408 and provides an RF output (RFqut) frequency 
102. The external inductor (Lgxr) 1306 may be used to determine a first RF output frequency RFl. If a 
second RF output frequency RF2 is desired, NMOS transistor 1304 may be turned on through the 
5 assertion of a high logic level on control node (CTRL) 1302. When this occurs, an additional inductor 
(Lpar) 1308 will be connected in parallel with the external inductor (Lext) 1306. In this manner, the 
output frequency may be selectively centered in two desired bands of frequencies. As the inductance 
changes, the center frequency of oscillation of the LC tank with the VCO 612 will also change. This 
approach may also be used to implement any desired number of frequency bands by adding additional 
10 switches and inductances. Disadvantages to this approach include the large tolerances associated with 
most inductors and the undesirable phase noise added to the output frequency signals by transistor switch 
1304. 

FIG. 14 is a block diagram of an alternative embodiment 1400 for achieving dual band operation 
15 for VCO 612. A second switch (SW) 1410 is used to select either a first VCO (VCOl) 612A or a second 
VCO (VC02) 612B. A first external inductor (LrfO 1416 may be selected so that the VCOl 612A has 
an RF output (RFl) 1416 centered in a first desired frequency band. Similarly, a second external inductor 
(Lrf2) 1418 may be selected so that the VC02 612B has an RF output (RFl) 1414 centered in a second 
desired frequency band. The selected frequency is connected through switch 1410 to provide the desired 
20 output frequency (four) 102. Power to the non-used VCO 612A or 612B may be shut down, for example 
by starving the circuit of current from a current generator. This multiple VCO arrangement according to 
the present invention eliminates potential sources of phase noise by moving the switch (SW) 1410 
outside of the LC tank. This approach may also be used to implement any desired number of frequency 
bands by adding additional VCOs, inductors, and switches (or multiplexers). 

25 
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Further details of the discretely variable capacitance (Cq) 402 will now be described. In 
particular, an implementation for the discretely variable capacitance (Cq) 402 is described with respect to 
FIG. 7, and an implementation for the discrete control block 502 as described with respect to FIG. 8. 

5 FIG. 7 is a circuit diagram of an embodiment for discretely variable capacitance (Cq) 402 

according to the present invention. A fixed capacitor (Cp) 410 represents parasitic capacitance plus any 
desired fixed capacitance. Discrete variations are achieved through a plurality of capacitor and transistor 
circuits coimected together. Looking to the first of these connected circuits, an initial capacitor 702 (Coo) 
is connected between ground 412 and the signal line 414 through the drain and source terminals of an 

10 NMOS transistor 710. NMOS transistor 710 acts as a switch (So) to add in or leave out the capacitor 
(Cdo) 702 in the overall capacitance of the discretely variable capacitance (Co) 402. The "on" or "off 
state of NMOS transistor 712 is controlled by first bit (Bq) 722 of a digital control word 404. Similarly, 
additional capacitors 704, 706 and 708 (Cdi ... Cdn.i, Cqn) may be connected to additional NMOS 
transistors 712, 714 and 716 to form a plurality of connected capacitor circuits. The NMOS transistors 

15 712, 714 and 716 act as switches (Sj ... Sn-i, Sn) and are controlled by bits 724, 726 and 728 (Bi ... B^.^, 
Bn) of a digital control word 404. 

Although impractical to implement off-chip, this digitally controlled arrangement may be 
reasonably integrated onto a single chip. Advantages of this arrangement include providing a large range 

20 of possible capacitance variations and a solution to problems with poor component tolerances. Another 
significant advantage is that it drastically reduces the capacitance variation needed for the continuously 
variable capacitance (CJ 406. The discretely variable capacitance (Cq) 402 may be used to provide a 
coarse tuning of the oscillation frequency near the desired output frequency. The continuously variable 
capacitance (Ca) 406 then needs only to vary enough to cover the frequency range between the steps 

25 available through the discrete nature of the digitally controlled capacitance (Cq) 402 and to cover any 
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component drift after calibration, for example, due to temperature variations. This reduction in the 
required capacitance variation translates to eliminating the need for a large capacitance variation, which 
typically requires the use of a variable reverse-biased diode (or varactor) as described with respect to 
FIG. 3 (Prior Art) above. By eliminating the need for this varactor, the present invention provides a 
5 frequency synthesis solution that may be integrated on a single CMOS integrated circuit. 

It is noted that any desired number of capacitor/switch circuits may be connected together as 
desired. It is also noted that numerous variations could be made to the circuit depicted in FIG. 7 and still 
achieve a capacitance that is discretely variable based upon a digital control word. The values of the 
10 capacitors and the control procedure implemented by the discrete control block 502 would depend upon 
the choices made. 

For the circuit depicted in FIG. 7 with simple capacitor/switch circuits connected together in 
parallel, the total capacitance for the discretely variable capacitance (Co) 402 is equal to the sum of all of 

15 the capacitors having respective switches in the "on" state. Thus, the total capacitance for the discretely 
variable capacitance (Co) 402 may be represented by Co = (Cdq • Bq) + (Cqi • B,) + ... + (Cdn-i • B^.j) + 
(Cdn • Bn). If each capacitance value is considered a multiple of some unit or base capacitance value 
(Co) times some desired capacitor weighting (W), the total capacitance may be represented by Co = 
(WdoCo • Bo) + (WdiCo • B ,) + ... + (Wdn.iCo • Bn,i) + (WqnCo • Bn). In this embodiment, therefore, the 

20 choice of weighting coefficients defines what capacitances are available. 

Numerous weighting schemes are possible, and the one implemented depends upon the particular 
design considerations involved. One possible choice for a weighting scheme is an equal weighting 
scheme, such that all of the weights are the same (Wdo.n = constant). This equal weighting scheme, 
25 however, is relatively inefficient because it requires a large number capacitor/switch circuits and a small 
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base capacitor value to provide a large number of capacitor value choices. Another possible weighting 
scheme is a binary weighting scheme, such that each weight is a factor of 2 different from the previous 
weight (Woo = 1 , Wo, = 2, = 4 . . . Wd^., = 2^*\ W^n = 2^). Although this binary weighting scheme is 
relatively efficient in allowing the selection of a wide range of capacitance values with a limited number 
5 of capacitor/switch circuits, this scheme suffers from practical implementation problems due to 
differential non-linearities (DNL) in manufacturing the capacitance values. The equal weighting scheme 
has a low occurrence of problems with DNL. Possible compromise weighting schemes between the 
equal and binary weighting schemes include a radix less-than-two and mixed radix weighting schemes. 
A radix less-than-two weighting scheme, for example, may be implemented such that each weight is a 
10 factor (i.e., the radix) less than 2 (e.g., 7/4) different from the previous weight (W^o = U ^oi = 7/4, 

= (7/4)^ ... Wdn-1 = (7/4)^"', Won = (7/4)^). A mixed radix weighting scheme, for example, may be 
implemented such that each weight is some combination of factors (e.g., 2 and 7/4) different from the 
previous weight (W^o = 1 , W^i = 2, = 4, W^, = 4(7/4), = 4(7/4)' . . - W^n = 2^(7/4)^ where X and 
Y are integers). 

15 

In TABLE 1 below, an example for the relative capacitor weighting values are set forth for a 
circuit as depicted in FIG. 7 in which the number of capacitor/switch circuits has been selected as eleven. 
The number of bits in the digital control word (Be) 404 has also been chosen to be eleven. This 
weighting scheme most closely resembles the mixed radix weighting scheme discussed above. It is 
20 noted that the weighting scheme chosen will depend upon the circuit utilized and the coarse tuning 
algorithm chosen. TABLE 1 below was selected for a dual band cellular phone application as depicted 
and described with respect to FIGS. 6A and 6B above. 



-25- 



Atty. Dkt. No. SILA:035 



TABLE 1: Example Relative Capacitor Weightings 



1 CAPACITOR (C[N]) 


WEIGHTINGS (W[N]) 


C[0] 


1 


C[l] 


2 


C[2] 


4 • 


C[3] 


5 


C[4] 


10 


C[5] 


15 


C[6] 


30 


cm 


50 


C[8] 


90 


C[9] 


160 


C[10] 


310 



As discussed above, the selection of which of the capacitors in FIG. 7 are added into the total 
output is determined by the digital control word (Be) 404. 



As depicted in FIG. 5, the discrete control block 502 provides the digital control word (Be) 404 
as an output. The discrete control block 502 may perform any desired procedure to determine how to 
adjust the digital control word (Be) 404 to coarsely tune the output frequency. Potential procedures 
include non-linear control algorithms and linear control algorithms. For example, a non-linear control 
algorithm could be implemented in which a simple "too fast" or "too slow" frequency comparison 
determination is made between the divided output frequency (four/N) 216 and the divided reference 
frequency (fREp/R) 218, and the digital control block 502 may use a successive approximation algorithm 
to coarsely tune the output frequency (four) 102. Altematively, a linear control algorithm could be 
implemented in which a quantitative frequency comparison determination is made about the approximate 
size of the frequency error between the divided output frequency (four/N) 216 and the divided reference 
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frequency (fREp/R) 218, and the control block 812 may change the digital control word (Be) 404 by an 
appropriate amount to compensate for the size of the frequency error. It is noted that the procedure used 
may depend upon numerous variables including the particular application involved and the level of 
coarse tuning desired. 

5 

FIG. 8 is a block diagram of an embodiment for discrete control circuitry 502 according to the 
present invention for providing the digital control word (Be) 404 to the discretely variable capacitance 
(Co) 402. The embodiment of FIG. 8 may be utilized in conjunction with the procedure set forth in 
TABLE 2 below and the number and weightings for the capacitances as set forth in TABLE 1. As 
10 indicated in FIG. 8, the digital control word (Be) 404 may be an N+l bit signal. The number of bits 
selected for "N+l" depends upon the number of control signals (0:N) desired to be sent to the discretely 
variable capacitance (Cq) 402. It is also noted that the "N" used with respect to the digital control word 
(Be) 404 is not the same as the "N" used with respect to the divide-by-N (^N) counter 214. 

15 For the embodiment for discrete control block 502 of FIG. 8, and unlike the embodiment 

depicted in FIG. 5, the divided reference frequency signal (fREp/R) 216 is not connected to the discrete 
control circuitry 502. Rather, the reference frequency (f^i) 106 is directly connected to the control 
block 812. The control block 812 uses the reference frequency signal (f^) 106 to define a reference 
clock (Tref) that is equivalent to the time period (Tref = l/fREp) for each cycle of the reference frequency 

20 signal (f^) 106. The control block 812 sends to a frequency comparison block 804 a timing signal 
(R*Tref) 814 that has a cycle time of R times the unit cycle time (Tref). The frequency comparison block 
804 also receives the divided-by-N output frequency signal (fom/N) 218. 

It is noted that the timing signal (R*Tref) 814 may also be used to generate a divided reference 
25 frequency signal that is equivalent to the divided-by-R reference frequency signal (f^f/R) 216 generated 
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by the divide-by-R (-^-R) counter 204 of FIG. 5. To do so, the timing signal (R^Tref) 814 may be sent, as 
indicated in FIG. 8, to clock a flip-flop circuit that receives the reference frequency signal (f^^) 106. 
The flip-flop circuit may thereby generate a divided-by-R reference frequency signal (fREp/R) 216 that is 
relatively jitter-free. This resulting divided reference frequency signal (f^fR) 216 may be used within 
5 the PLL circuitry depicted in FIG. 5. 

To initiate a frequency comparison, the control block 812 may first synchronize the divided 
output frequency signal (fouj/N) 218 with the timing signal (R^Tref) by resetting the divide-by-N (-^N) 
counter 214 through the assertion of a reset signal (RESET) 816 that may be applied to the divide-by-N 

10 (-N) counter 214. The control block 812 may then assert the timing signal (R»Trep) 814 for a single 
cycle. At the end of this single cycle for the timing signal (R*Tref) 814, the frequency comparison block 
804 may determine whether or not the divided output frequency (four/N) 218 is "too fast" or "too slow" 
with respect to the timing signal (R«Tref) 814 and may provide some quantification of the amount of the 
frequency error, if so desired. The frequency comparison block 804 provides back to the control block 

15 812 a signal 811 that is indicative of the frequency comparison determination made and that may be a 
single bit signal or a multiple bit signal, as desired. The control block 812 may then adjust the digital 
control word (Be) 404 accordingly to coarsely tune the output frequency (foui)- 

When the control block 812 completes its coarse tuning procedure, the control block 812 may 
20 assert the START signal 506 to change switch 512 to deselect voltage control node 510 and pass control 
to the voltage control node 508 (as shown in FIG, 5). At this point, the existing digital control word (Be) 
404 may be fixed such that the discretely variable capacitance (Cq) 402 will remain the same, while the 
continuously variable capacitance (CJ 406 is varied. In this way, the integrated circuit may operate to 
initially calibrate the output frequency (four) 102 to a desired output frequency, such that a coarse level 
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of tuning control is provided by the discretely variable capacitance (Co) 402 and a fine level of tuning 
control is provided by the continuously variable capacitance (CJ 406. 

In TABLE 2 below, an example procedure for control block 812 is described in more detail for 
5 controlling the digital control word (Be) 404. This procedure correlates to the capacitor weighting 
scheme set forth in TABLE 1 in which the number of capacitor/switch circuits was selected to be eleven. 
The number of bits in the digital control word (Be) 404 has also been chosen to be eleven. It is noted that 
the procedure implemented will depend upon design considerations and that any desired procedure may 
be implemented. Like TABLE 1, TABLE 2 below was contemplated for a dual band cellular phone 
10 application as depicted and described with respect to FIGS, 6 A and 6B above. As discussed above, 
capacitors are added by changing their respective control bit to a "1" and a dropped by changing their 
respective control to a "0". (If PMOS transistor switch circuits were utilized instead of NMOS transistor 
switch circuits, these control bits would of course change accordingly so that a "0" would add in the 
capacitor and a "1" would drop the capacitor.) 

15 
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TABLE 2: Example Procedure for Choosing Capacitor Values with a Digital Control Word 



PROCEDURE 


OPERATIONS PERFORMED 


Cycle 13 


Set Bc[10:0] = 1 1001000000, i.e., switch in C[10], C[9], and C[6]. 
VCO Warm-up. 


Cycle 12 


Reset the N divider to start frequency comparison. 


Cycle 11 


Do frequency comparison. 

If VCO too slow, drop C[9] and keep C[10] and C[6]. 

Otherwise, if too fast, keep C[10] and C[9], drop C[6], and switch in C[8] and 

C[5]. Also, directly go to Cycle 8 at the end of Cycle 11. 
Reset the N divider to start frequency comparison. 


Cycle 10 


Do frequency comparison. 
If VCO too slow, drop C[10], 
Otherwise, if too fast, keep C[10]. 
AddC[9]. 

Reset the N divider to start frequency comparison. 


Cycle 9 


Do frequency comparison. 
If too slow, drop C[9] and C[6]. 
Otherwise, keep C[9], drop C[6]. 
AddC[8]andC[5]. 

Reset the N divider to start frequency comparison. 


Cycle 8 


Do frequency comparison. 
If too slow, drop C[8] and C[5]. 
Otherwise, keep C[8], drop C[5]. 
Add C[7]and C[4]. 

Reset the N divider to start frequency comparison. 


Cycle 7 


Do frequency comparison. 
If too slow, drop C[7] and C[4]. 
Otherwise, keep C[7], drop C[4]. 
Add C[6] and C[3] . 

Reset the N divider to start frequency comparison. 


Cycle 6 


Do frequency comparison. 
If too slow, drop C[6] and C[3]. 
Otherwise, keep C[6], drop C[3]. 
AddC[5] andC[2]. 

Reset the N divider to start frequency comparison. 


Cycle 5 


Do frequency comparison. 

If too slow, drop C[5] and C[2]. 
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Otherwise, keep C[5], drop C[2]. 
Add C[4] and C[l]. 

Reset the N divider to start frequency comparison. 


Cycle 4 


DO iTccjucncy cumpanbon. 
If too slow, drop C[4] and C[l]. 
Otherwise, keep C[4], drop C[l]. 
Add C[3] and C[0]. 

Reset the N divider to start frequency comparison. 


Cycle 3 


uo uequency companson. 
If too slow, drop C[3] and C[0]. 
Otherwise, keep C[3], drop C[0]. 
AddC[2], 

Reset the N divider to start frequency comparison. 


Cycle 2 


Do frequency comparison. 
If too slow, drop C[2]. 
Otherwise, keep C[2]. 
Add C[l]. 

Reset the N divider to start frequency comparison. 


Cycle 1 


Do irequency comparison. 
If too slow, drop C[l]. 
Otherwise, keep C[l]. 
AddC[0]. 

Reset the N divider to start frequency comparison. 


Cycle 0 


Do frequency comparison. 
Iftoo slow, drop C[0]. 
Otherwise, keep C[0]. 

Reset the N divider to start the normal operation. 



It is noted that the procedure in TABLE 2 is a non-linear control algorithm that implements a 
type of successive approximation (SA) scheme. The procedure has been designed to take thirteen steps 
to complete. This scheme uses the frequency comparison block 804 in FIG. 8 to make a "too fast" or 
5 "too slow" determination for the divided output frequency (four/N) 218 with respect to the divided 
reference frequency (f^^lR) 216. One method for making this frequency comparison is to first reset the 
N divider 214 to synchronize it for the frequency determination and then to latch the level of the divided 
output frequency (four/N) 218 R number of reference clocks (Tref) later as controlled by the timing 
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signal (R«TREF) 814 from the control block 812. A number of additional reference clocks (Tref) niay 
then be utilized to allow time for other actions, which may include for example time for the control block 
812 to keep or drop capacitance values by updating the digital control word (BJ 404 in response to the 
comparison signal 811 and time for the control block 812 to reset the divide-by-N (yN) counter 214 for 
5 the next cycle in TABLE 2. For the procedure set forth in TABLE 2, it is noted for example that the 
value for R may be thirty-nine, that the additional reference clocks (Tref) ^n^Y be two, and that each 
cycle in TABLE 2 therefore lasts forty-one reference clocks (T^ef)- It is further noted that the procedure 
of TABLE 2 may be implemented by programming the desired procedure using the VERILOG logic 
circuit programming language and thereafter synthesizing the desired circuitry. 

10 

For each frequency comparison, if the level is high (logic level "1"), the comparison signal 811 
to control block 812 that the divided output frequency (fouj/N) 216 is too fast. If the level is low (logic 
level "0"), the comparison signal 811 indicates to control block 812 that the divided output frequency 
(four/N) 216 is too slow. To synchronize the frequency comparison determination, the divide-by-N (-^-N) 
15 counter 214 may be reset with respect to the timing signal (R*Tref) 814 so that the divided output 
frequency (fouj/N) 218 starts at the initiation of the timing signal (R«Tref) 814. This reset 
synchronization is indicated in the cycles described in TABLE 2. It is noted that a "too fast" or "too 
slow" determination may also be made by directly comparing the reference frequency (fREF) to the output 
frequency (four)* if so desired. 

20 

As a general rule, the procedure in TABLE 2 operates by starting with a large capacitance value 
and in each cycle either dropping capacitance values, if the divided output frequency (four/N) 216 is too 
slow, or keeping capacitance values, if the divided output frequency (four/N) 216 is too high. In this 
manner, each successive cycle keeps or drops various capacitance values until the end of the procedure is 
25 reached. As depicted in Cycle 13 of TABLE 2, more capacitance than just the largest capacitance value 
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(C[10]) may be initially included, if desired, to slow down the initial output frequency when the actual 
frequency is generally most uncertain. 

Within this procedure as described in TABLE 2, a level of redundancy is also implemented that 
5 allows recovery from bad comparisons or decisions made by frequency comparison block 804 or the 
control block 812. For successive approximation type algorithms, it is typically easier to recover from 
erroneously dropping capacitance values, while it is typically very difficult to recover from erroneously 
keeping capacitance values. In addition, manufacturing tolerances may create significant problems 
because the capacitance values are not what they are desired to be. To compensate for these recovery 
10 and tolerance problems, the capacitance values may be purposefully manufactured in the radix less-than- 
two scheme described above. In this way, errors will tend to be "drop" errors. To further improve 
redundancy and error recovery, the values chosen for the capacitor weightings and the number of 
capacitors utilized may be chosen such that a degree of value overlap is achieved. 

15 It is again noted that the procedure of TABLE 2 and the capacitor values may be modified as 

desired and that numerous alternative circuit designs may be utilized, while still achieving a discretely 
variable capacitance circuit as contemplated by the present invention. 

Further modifications to the circuit implementation of FIG. 7 will now be discussed with respect 
20 toFIGS.9A,9Band9C. 

FIG. 9A depicts a circuit representation of the capacitor (Cpi) 902 and NMOS transistor switch 
(Si) 908 circuits in FIG. 7 when the control signal (Bj) 910 is at a low or "off logic level. The capacitor 
(Coi) 902 will have a parasitic capacitance (Coipar) 907 between its bottom plate and ground 412. In this 
25 "off" state, the NMOS transistor (SJ 908 may be represented as a diode (Dj) 906, which is desirably 
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reverse-biased, and a parasitic capacitance (CsipJ 904 in parallel with a switch (Sj) 908. The switch (Sj) 
908 has its control node 910 set to an "off state (Bj = 0). The parasitic capacitance (Csipar) 904 will 
provide an undesirable non-linear capacitance value proportional to the size (width/length = W/L) of the 
transistor Although not shown, the NMOS transistor (SJ 908 may be represented by some resistance 
5 (Rds) in series with the capacitor {C^d 902, when it is in its "on" state. 

Potential problems with this capacitor/switch circuit arise. In the "off state, problems include 
the capacitor parasitic capacitance (CoipJ 907, the transistor parasitic capacitance (CsipJ 904, and 
possible forward biasing of the diode (DJ 906. In its "on" state, problems include phase noise 

1 0 contribution that is dependent upon the size of the series resistance (Rds)- Because the capacitor parasitic 
capacitance (Coipar) 907 will be linear, it is typically not considered much of a problem, although it limits 
the switchable capacitance range. In contrast, the transistor parasitic capacitance (Cgip J 904 will be non- 
linear and will convert any voltage noise on node 917 to phase noise. When the NMOS transistor (Sj) 
908 is in its "off state, therefore, it is desirable for the transistor parasitic capacitance (CgipJ 904 to be 

15 as low as possible. This desired small capacitance translates into selecting a small size for the NMOS 
transistor (Si) 908. When the NMOS transistor (S^ 908 is in its "on" state, however, it is desirable for 
the series resistance (Rps) to be as low as possible. This desired low resistance may be achieved by 
selecting a large size for the NMOS transistor (SJ 908. The size of the NMOS transistor (Si) 908, 
therefore, affects the transistor parasitic capacitance (CsipJ 904 and the series resistance (Rds) in an 

20 inverse relationship. Thus, a balancing decision must be made in selecting the transistor size. 

If all of the NMOS transistors 710, 712, 714 and 716 (So, Si ... Sn.„ Sn) are sized the same, the 
parasitic capacitances, as well as the capacitance drift, for each will be approximately the same. The 
selected capacitance value for each successively smaller capacitor (Cdj) 902 will become closer to the 
25 capacitance value of the parasitic capacitance (CgipJ 904. For smaller capacitance values, the parasitic 
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capacitance drift begins to adversely affect capacitor matching within the array. One way to make the 
balancing decision mentioned above, therefore, is to decide upon a particular value for each transistor 
parasitic capacitance (CsipJ 904 as a percentage of the value for each capacitor (CdO 902. In this way, 
the transistor parasitic capacitances will be scaled in proportion to the scaling of the overall capacitances. 

5 

FIG. 9B provides an embodiment for such a solution. This embodiment contemplates reducing 
the size of each successive transistor (Sj) 908 in proportion with the reduction in value of each successive 
capacitor (Cod 902, according to the weighting scheme adopted. As depicted in FIG. 9B, the scaling 
factor between two adjacent capacitor values is shown as 1/k. In other words, the value of a first 
10 capacitor (Coo) 702 would be 1/k times the value of a second capacitor (Cod 704. To reduce drift 
problems and improve capacitor matching, the size (W/k) of the each transistor (Sj) is made to be 1/k 
times the size (W) of the corresponding next larger transistor. 



Because of semiconductor manufacturing process limitations, the width of the smallest transistor 
15 elements may be limited to a particular value. At some point, therefore, the size will no longer be able to 
be proportionally reduced with respect to the previous transistor size value. FIG. 9C provides a circuit 
that solves this problem by adding a fixed capacitor across the drain and source of the transistor (Sj) 908. 
Because of the size limitation mentioned above, the size (W/L) of the transistor (Si) 908 is the same as 
the previous transistor within the array. Instead of reducing the size of the transistor (Sj) 908, a capacitor 
20 912 having a value of (k-l)/k times the value of the previous capacitor value is added. The result is an 
overall switchable capacitance value that is equivalent to the circuit depicted in FIG. 9B without 
reducing the size of the transistor 908. 



25 



FIG. 9C also depicts an embodiment for avoiding the problem with possible forward biasing of 
the diode (DJ 906 when the NMOS transistor (Sj) 908 is in its "off state. The PMOS transistor 916, 
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which has its drain and source terminals connected between signal line 414 and node 917, avoids this 
"off state diode problem by keeping the voltage at node 917 from floating when transistor 908 is in its 
"off state. This PMOS transistor 916 is controlled by a signal (Bi_hat) 916 that is identical to the 
control signal (Bi) 910, except that the "_hat" designation represents that the signal (Bj^hat) 916 has a 
5 regulated voltage when high. In other words, signal (B^^hat) 916 may only rise to a predetermined 
voltage level. Thus, when the bit (B^ 910 goes to a high logic level, the signal (Bi^hat) 916 will only go 
to the regulated high voltage level. The addition of PMOS transistor 916 connects what would otherwise 
be an uncontrolled and potentially noisy floating node to a well-determined and quiet signal line 414. In 
this way, PMOS transistor 916 tends to eliminate the potential problem of the diode (DJ 906 being 
10 forward biased due to a floating voltage at node 917. 

Still considering the embodiment depicted in FIG. 7, a differential implementation will now be 
discussed with respect to FIG, 10, FIG. 1 1 and FIG. 12. 

15 FIG. 10 is a block diagram of a differential embodiment for a VCO 400 according to the present 

invention. Compared to the embodiment for VCO 400 depicted in FIG. 4, the circuit elements are 
essentially duplicated for a positive and negative input paths. A differential amplifier 1002 is connected 
to a negative output node 414N and a positive output node 414P, as well as to ground 412. An external 
inductor (Lext) 302 may be connected across the output nodes 414P and 414N. A positive side fixed 

20 capacitor (Cp?) 41 OP, a discretely variable capacitance (Cqp) 402P, and continuously variable capacitance 
(Cap) 406P may be connected between the positive output node 414P and ground 412. Similarly, a 
negative side fixed capacitor (Cfn) 4 ION, a discretely variable capacitance (Cdn) 402N, and continuously 
variable capacitance (Can) 406N may be connected between the negative output node 414N and ground 
412. The voltage control signal (Vc) 408 may be an M+1 bit signal, as further described below, and may 

25 be applied to both the positive and negative side continuously variable capacitances (Cap, Can) 406P and 
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406N. The digital control word (Be) 404 may be an N+1 bit signal, as described above, and may be 
applied to both the positive and negative side discretely variable capacitances (Cpp, Cqn) 402P and 402N. 

FIG. 11 is a circuit diagram of a differential amplifier 1002 according to the present invention. 
5 A first PMOS transistor 1 104 has its source connected to a voltage supply control node (Yskc) 1 102 and 
its drain connected to the positive output node 414P. The gate of the first PMOS transistor 1 104 may be 
connected to the negative output node 414N. Similarly, a second PMOS transistor 1106 has its source 
connected to a voltage supply control node (Vsrc) 1102 and its drain connected to the negative output 
node 414N. The gate of the second PMOS transistor 1 106 may be connected to the positive output node 

10 414P. A first NMOS transistor 1108 has its source and drain connected between ground 412 and the 
positive output node 414P. The gate of the first NMOS transistor 1 108 may be connected to the negative 
output node 414N. Similarly, a second NMOS transistor 1110 has its source and drain connected 
between ground 412 and the negative output node 414N. The gate of the second NMOS transistor 1110 
may be connected to the positive output node 414P. The voltage supply control node (VgRc) 1 102 may 

15 be used to control the level of the output signal. The output amplitude may be monitored. If the 
amplitude is too high, the voltage on the voltage supply control node (Vsrc) 1102 may be lowered. 
Conversely, if the amplitude is too low, the voltage on the voltage supply control node (Vsrc) 1102 may 
be raised. It is noted that the voltage supply control node (Vsrc) 1102 may be supplied by voltage or 
current in open loop or closed loop to provide the desired control. 

20 

FIG. 12 is a circuit diagram depicting transistors that may be added to improve the performance 
of each capacitor pair within the discretely variable capacitance (Co) 402. Positive side capacitor (Copi) 
902P and transistor (SpJ 908P and negative side capacitor (Cdni) 902N and transistor (S^d 908N form 
differential capacitor/switch pairs for the discretely variable capacitance (Co) 402. The transistors (Spj) 
25 908P and (Snj) 908N are controlled by the same control signal (BJ 910. As described with respect to 
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FIG. 9C above, the PMOS transistors 916P and 916N may be added to avoid an "off state diode 
problem by keeping the voltages at nodes 917P and 917N from floating when switches 908? and 908N 
are in an "off state. These PMOS transistors 916P and 916N are controlled by the regulated signal 
(Bi_hat)918. 

5 

As discussed above with respect to FIGS. 9 A, 9B and 9C, the series resistance (Rds) and the 
transistor parasitic capacitance (Csipar) are in a trade-off relationship dependent upon the size of the 
transistor. Without the NMOS transistor (SpNi) 1210, the transistors (Spi) 908P and (S^i) 908N would 
have a total series resistance (Ro) of a certain amount when they are in their "on" state. This amount 

10 may be significantly reduced by the addition of NMOS transistor (SpNi) 1210. For example, by choosing 
a size value for transistor (Sp^i) 1210 of about three times the size of transistors (Spi) 908P and (S^i) 
908N, individually, the total effective series resistance (Rds) of the transistors (Spj) 908P, (Snj) 908N, and 
transistor (Sp^i) 1210 may be effectively reduced by nearly half from the original amount. Thus, the 
NMOS transistor (SpN,) 1210 allows the balancing decision to be made fiirther in favor of reducing the 

15 size of the transistor parasitic capacitance (Csipar) when the transistors (SpJ 908P and (8^0 908N are in an 
"off state. The NMOS transistor (SpNi) 1210 is controlled by the same control signal (Bi) 910 in the 
digital control word 404 that controls the transistors (SpJ 908P and (S^i) 908N. 

It is noted that three separate differential VCOs 400 implemented as depicted in FIGS. 10-12 
20 may be utilized to synthesize the RFl, RF2, and IF output frequencies, as described above with respect to 
FIGS. 6A, 6B, 13 and 14. Example component values will now be described for the external inductor 
(Lext) 302, the fixed capacitances (Cpp, Cfn) 41 OP and 410 N, the total capacitance for the discretely 
variable capacitances (Cdp, Cqn) 402P and 402N, and the total transistor size for transistor switches (Spi, 
SNi> SpNi) 908P, 908N and 1210 within the discretely variable capacitances (Cdp, Cqn) 402P and 402N. 
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These example values assume the number of capacitors and the weighting scheme described with respect 
to TABLE 1 and the coarse tuning procedure described with respect to TABLE 2 are being utilized. 

For an RFl output frequency with a maximum center frequency of about 2.0 GHz, the external 
5 inductor (Lgxr) niay be about 2.0 nH. The two fixed capacitances (Cpp, Cfn) 410P and 410 N may each 
be about 2.0 pF. The summation of the eleven capacitance values within the positive side discretely 
variable capacitance (Cpp) 402P and the eleven capacitance values within the negative positive side 
discretely variable capacitance (Cqn) 402N may each be about 7.5 pF. Each of these eleven capacitance 
values are weighted as indicated in TABLE 1 with the unit weight (Q) being equal to the total 

10 capacitance of 7.5 pF divided by the total of the weightings, which as set forth in TABLE 1 is 677. The 
summation of the widths for each eleven groupings of the transistor switches (Spj, S^i, Sp^i) 908P, 908N 
and 1210 may be 1280 jim, 1280 |im, and 3840 jam, respectively. Each of the eleven transistor width 
values are weighted according to the weights given their respective capacitors (Copi, Cdni) 902? and 
902N in TABLE 1 with the unit transistor width being equal to the total width of 1280 \xm or 3840 |xm 

15 divided by the total of the weightings of 677. (It is noted that the technique depicted in FIG. 9C is 
utilized for any of the smallest transistor widths that fall below the minimum width allowed by the 
semiconductor manufacturing process utilized.) The transistor lengths are not varied and are all 0.35 
^im. The total impedance for all of the transistor switches (Spi, S^i, SpN;) 908P, 90 8N and 1210 is about 
0.56 Q for worst case conditions. 

20 

For an RF2 output frequency with a maximum center frequency of about 1 .3 GHz, the extemal 
inductor (Lgxr) "i^y be about 3.1 nH. The two fixed capacitances (Cpp, Cfn) 41 OP and 410 N may each 
be about 3.6 pF. The summation of the eleven capacitance values within the positive side discretely 
variable capacitance (Cqp) 402P and the eleven capacitance values within the negative positive side 
25 discretely variable capacitance (Cqn) 402N may each be about 11,1 pF. Each of these eleven capacitance 

-39- Atty, Dkt. No. SILA:035 



values are weighted as indicated in TABLE 1 with the unit weight (Co) being equal to the total 
capacitance of 11.1 pF divided by the total of the weightings, which as set forth in TABLE 1 is 677. The 
summation of the widths for each eleven groupings of the transistor switches (Spj, S^i, SpNi) 908P, 908N 
and 1210 may be 1568 jxm, 1568 ^m, and 4704 ^im, respectively. Each of the eleven transistor width 
5 values are weighted according to the weights given their respective capacitors (Copi, C^i^J 902P and 
902N in TABLE 1 with the unit transistor width being equal to the total width of 1568 jim or 4704 jim 
divided by the total of the weightings of 677. (It is noted that the technique depicted in FIG. 9C is 
utilized for any of the smallest transistor widths that fall below the minimum width allowed by the 
semiconductor manufacturing process utilized.) The transistor lengths are not varied and are all 0.35 
10 ^m. The total impedance for all of the transistor switches (Spj, S^i, Sp^j) 908P, 908N and 1210 is about 
0.46 Q for worst case conditions. 

For an IF output frequency with a maximum center frequency of about 600 MHz, the external 
inductor (Lgxr) niay be about 6.7 nH. The two fixed capacitances (Cpp, Cfn) 41 OP and 410 N may each 

15 be about 8.0 pF. The summation of the eleven capacitance values within the positive side discretely 
variable capacitance (Cqp) 402P and the eleven capacitance values within the negative positive side 
discretely variable capacitance (C^n) 402N may each be about 23.8 pF. Each of these eleven capacitance 
values are weighted as indicated in TABLE 1 with the unit weight (Q) being equal to the total 
capacitance of 23.8 pF divided by the total of the weightings, which as set forth in TABLE 1 is 677. The 

20 summation of the widths for each eleven groupings of the transistor switches (Spj, S^i, Sp^i) 908P, 908N 
and 1210 may be 3200 ^im, 3200 )im, and 9600 (am, respectively. Each of the eleven transistor width 
values are weighted according to the weights given their respective capacitors (Cdm, CdnD 902P and 
902N in TABLE 1 with the unit transistor width being equal to the total width of 3200 \xm or 9600 |iim 
divided by the total of the weightings of 677. (It is noted that the technique depicted in FIG. 9C is 

25 utilized for any of the smallest transistor widths that fall below the minimum width allowed by the 
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semiconductor manufacturing process utilized.) The transistor lengths are not varied and are all 0.35 
|am. The total impedance for all of the transistor switches (Spi, S^j, SpNi) 908P, 908N and 1210 is about 
0.22 Q for worst case conditions. 



5 The techniques discussed above have been shown with reference to a frequency synthesizer in 

which the fine tuning analog control is accomplished with standard PLL components. For example with 
reference to FIG. 5, a phase detector 206, a charge pump 208, and a loop filter 210 may be used to 
provide the voltage control for a voltage controlled oscillator. However, in order to more easily integrate 
the PLL within a single integrated circuit, an alternative PLL design may be utilized. For example, as 

10 shown in FIG. 15, a PLL 1500 may be formed in which the phase detector 206, charge pump 208, and 
loop filter 210 are replaced with a shift register 1504 and a phase detector / sample hold circuit 1502 
which has M+1 outputs 1512 which may be switched to the M+1 control inputs 1514 of the VCO 400. 
The PLL 1500 provides the digital course tuning under control of the discrete control circuit 502 as 
described above. The fine tuning analog control is provided through the use of the divide-by-R block 

15 204, divide-by-N block 214, divide-by-Q block 1550, the shift register 1504 and the phase detector / 
sample hold circuit 1502, 



FIG. 16 illustrates the PLL 1500 of FIG. 15 during the fine tuning mode of operation (i.e. after 
coarse tuning is completed). In FIG. 16, only the analog control portions of the PLL are shown. As 

20 shown in FIG. 16, a VCO 400 (such as, for example, VCO 400 of FIG. 4) provides an output firequency 
(foJ 102. As shown in FIG. 16, the VCO input control signals 408 of FIG. 4 have been replaced by a 
M+1 voltage control inputs 1514. The output 102 is provided through control line 1508 to the divide-by- 
N circuit 214. An output 1510 of the divide-by-N circuit 214 is provided to a shift register 1504. The 
shift register 1504 is clocked by the output^f the divide-by-Q block 1550 as shown. Parallel outputs 

25 1520[0, i, 2, ... M-1, M] of the shift register 1504 are provided to the phase detector / sample hold 
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circuit 1502. The output 1530 of the divide-by-R circuit 204 is also provided to the phase detector. As 
will be described in more detail below, each of the outputs 1520 of the shift register 1504 has the same 
frequency (fom/N), i.e. the update rate of the PLL, but is incrementally shifted in phase from each other. 
The phase detector / sample hold circuit 1502 detects the phase differences between the output 1530 of 
5 the divide-by-R circuit 204 and each of the outputs 1520[0, 1, 2, ... M] of the shift register 1504. 
Outputs 1512[0, 1, 2, ... M] of the phase detector / sample hold circuit 1502 provide control voltages 
indicative of the detected phase differences. These control voltages are in turn coupled to the inputs 
1514[0, 1, 2, ... M-1, M] of the VCO 400 through which fine tuning control of the VCO may be 
achieved (as described below). Thus, rather than the VCO 400 being provided a single analog control 
10 voltage, a plurality of control voltages may be provided. As discussed below, in one embodiment twenty 
outputs may be provided from the shift register to generate twenty outputs of the phase detector / sample 
hold circuit 1502 and twenty inputs to the VCO. Because the shift register 1504 produces a series of 
outputs, each shifted in phase, the control voltages provided to the VCO will be a series of voltages 
offset from each other. 

15 

The use of multiple analog inputs to perform the fine control of the VCO may be seen with 
reference to FIGS. 4 and 15-18. As discussed above with reference to FIG. 4, the fine analog control of 
the VCO 400 may be achieved through the use of the continuously variable capacitance (CJ 406. As 
shown in FIG. 4, the continuously variable capacitance (CJ 406 is controlled by the voltage control 
20 signal (Vc) 408. It will be recognized that the circuitry of FIG. 4 may be implemented with the PLL 
1500 of FIGS. 15 and 16 by using the plurality of voltage control inputs 1514[0, 1, 2, 3, ... M-1, M] to 
replace the voltage control signal (Vc) 408. 

FIG. 17A illustrates one exemplary embodiment of a variable capacitance circuit 1700 which 
25 includes capacitors CI and C2 and a variable impedance device Ry. The equivalent capacitance seen at 
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the inputs to the circuit 1700 will change depending upon the value of the variable impedance device Ry 
that is coupled to a control node 1705. FIG. 17B illustrates the variable capacitance circuit 1700 wherein 
the variable impedance device is a transistor 1702 having a gate controlled by an analog voltage source. 
A plurality of the devices of FIG. 17B may be utilized to provide the variable capacitance (Ca) 406 of 
5 FIG. 4 under control of the plurality of voltage control inputs 1514[0, 1, 2, 3, ... M-1, M] of FIG. 16. 
For example, FIG. 17C illustrates how the variable capacitance (C^) 406 may be comprised of a 
plurality of variable capacitance circuits Cao, C^i, .... Cam such that Ca= Cao + Cai, + .... + Cam- Each 
capacitance circuit has a variable equivalent capacitance respectively controlled by the control voltage 
1514[0], 1514[1], ... or 1514[M]. The transistors Tq, Ti, ... Tm act as variable control elements having a 

10 variable resistance in response to the analog control voltages. Each variable capacitance circuits Cao, 
Cai, •••• Cam includes a resistor (R^, Ri, ... or R^, respectively) not shown in the circuit 1700 of FIGS. 
17A and 17B. Each resistor Ro, Ri, ... Rm is provided to prevent the node between the capacitors CI and 
C2 from floating when the respective transistor Tq, Tj, ... or Tm is fully turned off. The resistors Ro, Ri, 
... Rm may be formed from transistors sized to provide a resistance that is approximately 40 times the 

1 5 impedance of the sum of the capacitors CI and C2 at oscillation frequencies. 

The operation of an individual variable capacitance circuit will be described with reference to 
capacitance circuit Cao- As shown in FIG. 17C, capacitance circuit Cao includes capacitors CIq and C2o, 
resistor Ro and the n-channel transistor To- The complex admittance seen across the capacitance circuit 

20 Cao may be characterized as YaoO'o) = jo)Cequivaient Gequivaicnt- Further, assuming the resistance value Ro is 
large compared to the impedance of the capacitors, as the control voltage 1514[0] rises, the transistor 
will turn on more fully and the capacitance Cequivaient will approach CIq. Similarly, as the control voltage 
1514[0] approaches zero, the transistor will turn off and the capacitance for Cequivaient will approach the 
value of (Clo)(C2o) / (CIq + C2o). As analog control voltages between the two extremes are generated, 

25 the capacitance Cequiva,c„i will pass through all the capacitance points between the two values given above. 
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The conductance Geq„iv;jent of the circuit Cao wiW also vary depending upon the control voltages. At both 
extremes of the analog control voltages, Gequivaient will approach zero. FIG. 17D illustrates coCcquivaient vs. 
Gcquivaicnt the control voltage on transitor Tq goes from a level to fully turn on the transistor to a level to 
fully turn off the transistor. As can be seen, the locus of points forms a semi-circle. 

5 

Thus, as the voltage level of an individual control voltage 1514[0] increases the capacitance C^o 
will increase which thus increases the capacitance C^. An increase in the capacitance in turn lowers 
the output frequency of the VCO 400. In this manner, higher control voltages result in lower VCO 
output frequencies. 

10 

As noted above with reference to FIG. 17C, a plurality of the capacitance circuits (Cao, Cai, .... 
Cam) may be utilized and the continuously variable capacitance Ca 406 is a result of the summation of 
the individual capacitance circuits. The overall conductance (Gcquivaicnt foi" Ca) of all of the capacitance 
circuits operating together, however, does not increase beyond the Gcquivaicnt- FIG. 18 demonstrates this 

15 concept. FIG. 18 demonstrates Cequivaicnt vs. Gequivaiem over for the continuously variable capacitance Ca 
406. As shown in FIG. 18 for illustrative purposes, the additive effect of incrementally fully turning on 
each transistor Tq, T„ . . . T^ is displayed. As can be seen, the total capacitance range for Ca (ACa) (the 
sum of the ranges of the individual capacitance circuits) may be relatively large, without a corresponding 
large change in conductance. This characteristic of the circuit of FIG. 17C helps minimize phase noise 

20 since the phase noise for the circuit is proportional to Gcquivaient- Thus, a wide capacitance range for the 
continuously variable capacitance Ca 406 is provided without causing excessive phase noise. It may also 
be noted that as the control voltage on each control line 1514[0, 1, ... or M] changes from rail to rail, 
only a fraction of the total capacitance range is changed (i.e. where MH-1=20 only 1/20* of the total 
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capacitance range). Thus, noise on any one particular control line will only have a minimal impact on 
the total capacitance C^. 

As seen in FIG. 18, the capacitance for each individual capacitance circuit is shown not to 
5 overlap an adjacent circuit for illustrative purposes. However, in operation the values chosen for CI and 
C2, the nominal frequency of oscillation, and the size of the transistor for each circuit and the time at 
which each circuit is activated may be such that the individual portions of the graph of FIG. 1 8 may 
overlap. 

10 The use of multiple control voltages to provide the continuous analog fine control of the VCO 

may be accomplished in a wide range of manners, and the embodiment shown herein is just one example. 
FIG. 19 illustrates yet another embodiment for implementing the continuously variable capacitance 
406, As shown in FIG. 19, the continuously variable capacitance Ca 406 may be comprised of two 
capacitors CI and C2, resistor R, and a pluraHty of transistors Tq, Tj, ... T^, controlled by the control 

15 voltages 1514[0], 1514[1] ... 1514[M] respectively. 

The capacitance value of the continuously variable capacitance C^ 406 (and the associated output 
frequency of the VCO) of FIG. 16 will be dependent upon the voltages present upon the control voltage 
lines 1514. Further by utilizing the control techniques discussed below, a relatively linear continuously 
20 variable capacitance Ca 406 may be obtained even though each individual capacitance circuit Cao» Cai, 
.... Cam may exhibit non-linear behavior. 

The generation of the control voltages is described below with reference to FIGS. 16 and 20-25. 
As shown in FIG. 16 the output frequency signal 102 is provided through feedback line 1508 to a divide- 
25 by-N circuit 214. The divide-by-N circuit 214 may be programmable based upon user provided data 
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stored in an N register as described above. The divide-by-N circuit divides the frequency provided on 
line 1508 to a lower frequency signal provided on line 1510. Any of a wide number of circuits may be 
utilized to perform the division function. Because of the high frequencies encountered at the frequency 
output 102, it may be advantageous to utilize standard prescaler techniques when implementing the 
5 divide-by-N circuit. Such techniques for high frequency signals are well known such as shown, for 
example, in J. Craninckx and M. S. Steyaert, "A 1.75-GHz/3-V Dual-Modulus Divide-by- 128/1 29 
Prescaler in 0.7-um CMOS/' IEEE J. Solid-State Circuits, vol. 31, pp. 890-897, July 1996; B, Chang, J. 
Park, and W. Kim, "A 1.2 GHz CMOS Dual-Modulus Prescaler Using New Dynamic D-Type Flip- 
Flops," IEEE J. Solid-state Circuits, vol. 31, pp. 749-752, May 1996; and H.-IH Cong, J. M. Andrews, 
10 D. M. Boulin, S.-C. Fang, S. J. Hillenius, and J. A. Michejda, "Mutigigahertz CMOS Dual-Modulus 
Prescaler IC," IEEE J. Solid-State Circuits, vol. 23, pp. 1 189-1 194, October 1988. 



The output line 1510 of the divide-by-N circuit 214 is provided to a shift register 1504. The 
output 1510 is utilized to SET the multi-output shift register 1504. In operation, when the SET signal is 

15 low on line 1510, clocking of the shift register outputs is allowed and when the SET signal is high the 
shift register outputs are set high. Thus, the shift register is set based upon the PLL update rate (four/N)- 
The shift register 1504, however, is clocked at a higher frequency, such as four/Q as shown. 
Alternatively, the shift register 1504 may be clocked by four directly, however, the high frequencies of 
fouji^ay exceed the clocking speed limits of the shift register and thus the divide-by-Q block 1550 may 

20 be desireable. Typical values for Q may be progranmiable, for instance to values of 8, 16, 32, and 64 
(for RFl), 4, 8, 16, or 32 (for RF2), and 2, 4, 8, or 16 (for IF). Thus, a signal propagates through the 
shift register 1504 (and is provided at the shift register outputs) at the high fouj/Q frequency to provide a 
plurality of signals, each at a frequency of fom/N (the PLL update rate) but each with falling edges out of 
phase with the others by increments of the Q/four period. Though the input of the divide-by-Q block 
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1550 is shown as being the four signal for illustrative purposes, the divide-by-Q input may be a sub- 
signal within the divide-by-N block 214 utilized to obtain the desired fouj/Q result. 

The generation of the shift register outputs may be seen with more detail with reference to the 
shift register timing diagram shown in FIG. 20, As shown in FIG 20, the fo^/Q signal is provided to 
clock the shift register at a higher fi-equency than the frequency of the SET signal (four/N). When the 
SET signal goes low, the shift register is clocked. Based upon edges of the foux/Q signal, a low signal 
propagates through the shift register outputs 1520[0], 1520[1], 1520[2], . . . 1520[M] as shown. When the 
SET signal returns high, the shift register outputs are set to their original high state. In this manner a 
series of signals (the shift register outputs) are generated that have falling edges each slightly out of 
phase from the adjacent signal, each having a frequency at the PLL update rate fouj/N. This series of 
signals may then be provided to the phase detector / sample hold circuit 1502. Though the fouj/Q signal 
is shown in FIG. 20 as continuously clocking the shift register, power usage may be decreased by only 
turning on the clock input for times between the falling edge of the SET signal 1510 and the last falling 
edge of the shift register output (1520[M]). 

The technique described herein to provide a plurality of signals for the phase detector / sample 
hold circuit 1502 is usefiil over a wide range of applications, including the generation of high frequency 
signals for wireless telephones. For example, in a typical PLL embodiment for use with the GSM 
20 standard having 200 kHz channels, may be 900 MHz, Q may be 4, N may be 4500 to provide a SET 
signal at 200 kHz (i.e. the update period is 5000 nsec). In this case, one output of the shift register 
changes approximately every 4.44 nsec, and if M+l=20, all the outputs of the shift register will have 
changed states during the first 88.8 nsec. after the SET signal goes low. Typically the value of Q may be 
programmed so that (M+l)(Q/fouT), i.e. the maximum time required for all outputs of the shift register to 
25 change, is approximately 2% of the entire update period (N/four). 
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The phase detector / sample hold circuit 1502 operates to compare the phases of the shift 
register outputs 1520[0], 1520[1], I520[2], ... 1520[M] to the output 1530 (f^/R) of the divide-by-R 
circuit 204. Voltage outputs 1512[0], 1512[1], 1512[2], ... 1512[M] of the phase detector / sample hold 
5 circuit 1502 are provided at voltage levels dependent upon the phase differences detected. A functional 
block diagram of a portion of the phase detector / sample hold circuit 1502 is shown in FIG. 21, FIG. 21 
illustrates the function of a portion 1502[0] of the phase detector / sample hold circuit 1502 with 
reference to one shift register output, for example, output 1520[0]. Thus, the phase difference between 
shift register output 1520[0] and the divide-by-R output 1530 is obtained in a phase detector 1502A[0]. 
10 The phase detector 1502A[0] provides an output 2200 which is at a voltage Vphase- The voltage level of 
^PHASE is dependent upon the detected phase difference. More particularly, Vphase = (kp)(A6) where kp is 
a gain factor of the phase detector 1502A[0] and AG is the detected phase difference. The output 2200 
(y phase) is then provided to a sample and hold circuit 1502B[0] which generates the output 15 12[0]. The 
output 1512[0] may then be provided as a control voltage input to the VCO 400 as shown in FIG. 16. 

15 

A circuit 1502[0] for implementing the phase detector 1502A[0] and sample and hold circuit 
1502B[0] of FIG. 21 is shown in FIG. 22. As shown in FIG. 22, a voltage V^om is coupled to a capacitor 
Cramp by closing a charge switch 2302 (at this point calibration switches 2340 and 2342 will be opened 
as discussed below with reference to calibration techniques). In operation, before a phase difference is to 

20 be detected, charge switch 2302 is closed to allow capacitor Cramp the Vphase 2200 to charge up 
to Vnom (at this point sample/hold switch 2304 is open). Then the charge switch 2302 is opened. 
Subsequently, charge begins to be removed from the capacitor Cramp by turning on one of the transistors 
2320. However, the one transistor 2320 that is tumed on is only turned on for a time period indicative of 
the phase difference between the divide-by-R output signal 1530 and the shift register output 1520[0]. In 

25 this manner the voltage on the Vphase line 2200 will be related to the phase difference. Figure 24A 
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illustrates the voltage levels for Vphase- As seen in Figure 24A, after the charge switch 2302 is opened 
VpHASE is initially at Vnqm- Then when the divide-by-R output signal 1530 rises, Vphase begins to fall. 
When the shift register output 1520[01 also falls, the transistor 2320 is turned off and Vphase is held 
constant. As shown in FIG 24B, the final value of Vphase will vary as indicated by the dotted lines 2400 
5 depending on the phase difference between the divide-by-R output signal 1530 and the shift register 
output 1520[0] (each dotted line indicative of a different phase difference). In situations where the edge 
of the fouj/N clock leads the edge of the f^^fR edge, the Vphase signal will not drop, and thus, Vphase will 
remain at V^om- 

1 0 One embodiment of a circuit for generating V^om is shown in FIG. 23 . The voltage circuit 2360 

includes a current source 2352, a resistor 2354 and an amplifier 2356. The feedback loop through 
amplifier 2356 helps improve the noise characteristics of the amplifier. In operation, the switch 2350 
may be open to allow charge to be delivered in open loop conditions and then closed to also allow charge 
to be delivered in closed loop conditions. Typically, a majority of the charge may be delivered in open 

15 loop conditions so as to keep power supply current constant. In one embodiment, V^om be a 1.9 V 
voltage source. 

As mentioned above with reference to FIG. 22, only one transistor 2320 is turned on at any given 
time. Multiple transistors 2320 are provided so that a selectable resistance between the Vphase Mne 2200 
20 and ground may be provided. In this manner the rate of decay of Vphase- The rate of decay will impact 
the number of individual capacitance circuits Cao, Cai . . . Cam which are operating in their active range at 
any given time. The desired gain is controlled by selectively providing a high signal on one of the SELl, 
SEL2, SEL3, or SEL4. In this manner, only one of the AND gates 2306, 2308, 2310, 2312, and 2314 
will provide a high output, and thus, only one of the transistors 2320 will turn on and off in response to 
25 the rising and falling edges of the signals on lines 1530 and 1520[0]. 
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The sample / hold function of the circuit 1502[0] is implemented through use of the sample / 
hold switch 2304 and the Chold capacitor. After the phase difference has been detected as described 
above, the sample / hold switch 2304 is closed. Thus, charge is now shared between the capacitors Cramp 
5 and Chold and the voltage level on output line 1512[0] will change in response to the detected phase 
difference and on the voltage on Chold before the switch is closed. After the voltage on output 1512[0] 
provided to the VCO 400 has settled, sample /hold switch 2304 is opened again and the phase detection 
cycle may start again. Because of the charge sharing between the capacitors Cramp and Chold> the 
voltage level on output 1512[0] after a current phase detection cycle will depend on the charge on Chold 

10 during the previous phase detection cycle and the currently detected phase difference. Typically the 
capacitance ratio of Cramp to Chold "lay be 2:1. The charge sharing operates to perform sample data 
filtering in which the filtering characteristics improve phase noise at the expense of transient response 
since the voltage change at each update will be lessened but the time to reach a desired voltage will 
increase. In this manner a control voltage indicative of the phase difference between one of the signals 

15 1520 and the divide-by-R output 1530 may be provided to one of the inputs 15 14 of the VCO 400. 

FIG. 24C illustrates a timing diagram for the phase detector / sample hold circuit 1502. In FIG. 
24C the operation of the charge switch 2302, V^om switch 2356 and sample / hold switch 2304 are shown 
in relation to the f^fR output 1530 and the shift register outputs 1520[0, 1, ... M]. As shown in FIG. 
20 24C, the falling edges of the M+1 outputs of the shift register are each incrementally out of phase of the 
adjacent output. All of the signals in FIG.24C except the shift register outputs are clocked by the 
reference clock 106 (fREp). The period of the reference clock is shown in the figure as Tref- 

As discussed above, FIG. 22 shows a portion of the phase detector / sample hold circuit 1502 for 
25 performing the phase detection for one of the outputs of the phase detector / sample hold circuit 1502. 
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To perform the mulMine phase detection of FIG. 16, a plurahty of the circuits 1502[0] of FIG. 22 may be 
used as shown in FIG. 25. In the circuit of FIG. 25, the resistors Rl, R2, R3, R4, and R5, transistors 
2320, and gates 2306, 2308, 2310, 2312, and 2314 shown in FIG. 22 have been combined in control 
blocks 2502 for ease of illustration. In operation, each of the charge switches 2302 operates in unison 
5 and each of the sample / hold switches 2304 operates in unison. Likewise all the SEL signals are applied 
together. Thus, during one phase detection cycle, the phase difference between the divide-by-R output 
signal 1530 and each of the falling edges of the M+1 shift register outputs 1520 is detected and appHed to 
the phase detector / sample hold outputs 1512. Because falling edges of each of the shift register output 
1520[0, 1, ... M] are incrementally out of phase with the adjacent output, each of the phase detector / 
10 sample hold outputs 15 12[0, 1, . . , M] will be at different voltage level. 

As mentioned above, each portion of the phase detector / sample hold circuit 1502 may include a 
calibration switch, such as calibration switch 2340 or 2342 of FIG, 22. As shown in FIG. 25, half of the 
outputs 1512 will connect to circuitry containing switch 2340 and half to circuitry containing switch 
15 2342. During digital or coarse tuning, the switches 2340 will be closed to provide Vnqm to half of the 
outputs and the switches 2342 will be closed to provide ground to the other half of the outputs. Thus, for 
example, during coarse tuning output 1512[0] may be provided V^om and output 1512[1] may be 
provided ground. In operation this allows the digital control to be performed at approximately the center 
of the range of the analog variable capacitance C^. 

20 

The generation of a plurality of control voltages for control of the VCO 400 in the manner 
described above in which each voltage is offset from the adjacent control voltage is particularly 
advantageous when combined with the VCO circuit of FIGS. 4 and 17C. As shown in FIG. 17C, the 
continuously variable capacitance (CJ 406 is formed from the sum of the individual capacitance circuits 

25 

Cao> Cai, .... Cam- Each individual capacitance circuit has a nonlinear relationship between the phase of 
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four and the resulting capacitance of the one capacitance circuit. However, utihzing a plurality of 
capacitance circuits controlled with voltages generated according to the techniques described above 
yields a relatively linear relationship between the phase and the total capacitance Ca. The ability to 
obtain a relatively linear relationship between the phase and the total capacitance Ca may be seen with 
5 reference to FIGS. 26-32. 

FIG. 26 illustrates the capacitance vs. phase (phase of 4^) curve for a single capacitance circuit, 
for example Cao- FIG, 27 illustrates the nonlinear nature of the curve of FIG.26 by plotting the time 
derivative of the capacitance of Cao (i.e. the slope). This is the quantity that directly determines loop 

10 performance. FIG. 28 illustrates the individual capacitance vs. phase curves for a plurality of 
capacitance cirucits Cao, Cai, Ca2 while FIG. 28A illustrates the time derivative of the individual 
curves of FIG. 28. As can be seen from the figure, each successive capacitance curve is time shifted 
from its adjacent curve. However, the total capacitance Ca 406 is the summation of the individual 
capacitances. FIG. 29 and 30 illustrate the capacitance vs. phase curves resulting from the summation of 

15 the individual capacitances. For example, FIG. 29 illustrates the total capacitance Ca for M+l=5. 
Similar, FIG. 30 illustrates the total capacitance Ca for M+l=20. The substantial improvements in 
linearity of the total capacitance Ca can be seen more clearly with reference to the time derivative graphs 
shown in FIG. 31 for each case M+l=20 and M+l=5. By comparing the curve of FIG. 27 with the 
curves of FIG. 3 1, it can be seen that the use of multiple individual capacitance circuits Cao, Cau Ca2, ••■ 

20 Cam provides a substantially linear circuit, with linearity improving as more circuits are utilized. In one 
embodiment 5 or more capacitance circuits may be utilized, more preferrable 10 or more and most 
preferrable 20 or more. Thus, by utilizing multiple capacitance circuits a more linear relationship 
between phase and capacitance may be obtained. Moreover because the capacitance range of the analog 
fine tuning control is relatively limited, e.g. 2% of the total capacitance, the amount of nonlinearities in 
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the Ca to four relationship are not critical. Thus, the circuits described herein provide a relatively linear 
relationship between the detected phase differences in the PLL and f^^^. 

As noted above, in one embodiment twenty control voltages 1514 may be utilized to provide the 
5 fine analog control for the VCO 400 for wireless communications. Though the analog control has been 

described herein for illustrative purposes with references to single ended figures, it will be recognized 

that the fiiUy differential system such as shown in FIG. 10 may be utilized. In such a system the twenty 

control voltages may be applied to both Can and C^p each formed fi-om a plurality of capacitance circuits 

Cano> Canij •••Can2o and Capo, Capi, ...Cap2o respectively. In one wireless embodiment, the component 
10 values for the individual capacitors CI and C2 in each of the capacitance circuits may be for each 

synthesizer RFl, RF2, and IF: 

RFl: Cl=0.04 pF and C2=0.12pF 

RF2: Cl=0.06 pF and C2=0.18pF 

IF: Cl=0.13 pF and C2=0.39pF. 
1 5 The resulting ranges for Can and Cap are thus: 

RFl : Can = Cap = 0.6 to 0.8 pf 

RF2: Can = Cap = 0.9 to 1.2 pf 

IF: Can = Cap =1.95 to 2.6 pf. 



20 Further, the transistors Tq, Ti, ... T^ in the capacitance circuits may be sized for both the RFl 

and RF2 synthesizers to have W/L dimensions of 13/.35. Because the frequency range of the IF 
synthesizer may be large, the IF synthesizer transistors To, Ti, ... Tm may be selectable depending upon 
the fi-equency that the IF synthesizer is operating within. For firequencies 75 MHz or less the IF 
transistors may be sized 1.625/.35. For other fi*equency ranges the values may be: 

25 75-150 MHz: 3.25/.35 (2X) 
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150-300 MHz: 6.5A35 (4X) 
300-600 MHz: 13/.35 (4X). 

In the exemplary embodiment, the individual circuit elements of the phase detector / sample hold circuit 
may have values of Rl=500 R2=500 R3=1000 Q, R4=2000 O, Cramp=40pF, and Chold=20pF. 

5 

The techniques described herein for the fine tuning analog control of the PLL thus provide a 
system in which the frequency generation may be accomplished through the use of a variation in a VCO 
capacitance. Furthermore, the techniques shown herein may be integrated into a single integrated circuit 
since capacitors of excessive size or traditional varactors are not required. Moreover, the transfer 
10 function of the PLL is relatively linear over the desired frequency range and relatively large capacitance 
changes within the VCO may be accomplished without large phase noise. In this manner a linear circuit 
behavior may be obtained without degrading phase noise performance 

The benefits of the techniques disclosed herein may be obtained while utilizing variations of the 
15 various circuits shown herein. For example, the use of multiple capacitive elements in the VCO under 
control of a plurality of control voltages may be accomplished with more traditional PLL designs. Thus, 
for example a circuit such as shown in FIG. 32 may be utilized. As shown in FIG. 32, phase detector / 
charge pump / loop filter circuitry 3200 may be utiUzed to generate a voltage Vmaster indicative of the 
phase difference. The Vmaster voltage may then be converted to a plurality of voltage signals 3206[0], 
20 3206[1]. , .3206[M] by a 1 to M+1 converter 3204. Each voltage signal 3206 may include an incremental 
additional voltage so that 3206[0]=Vmaster, 3206[1]=Vmaster + Av, 3206[0]=Vmaster+ A2v ... . In this 
manner, multiple voltage control signals may be provided to control a VCO having variable capacitive 
circuits similar to that shown in FIG. 22. 



-54- 



Atty. Dkt. No. SILA:035 



Though shown herein with respect to a voltage controlled oscillator, it will be recognized that the 
concepts of the present invention may be utilized with other controlled oscillators. Thus, for example, 
the present invention may be utilized with a current controlled oscillator. Further, various circuits and 
techniques shown herein may be utilized separately or in combination without requiring the use of all 
5 circuits and techniques shown herein. Thus, aspects or the digital control may be utilized independent of 
aspects of the analog control and vice-versa. Further, some concepts shown herein may be utilized in 
applications different from the wireless communications embodiments discussed. 

In addition, further modifications and alternative embodiments of this invention will be apparent 
10 to those skilled in the art in view of this description. For example, the use of n-channel and p-channel 
devices and associated logic levels are shown as example arrangements of device types, and it will be 
recognized that the present invention is not limited by these example arrangements. Accordingly, this 
description is to be construed as illustrative only and is for the purpose of teaching those skilled in the art 
the manner of carrying out the invention. It is to be understood that the forms of the invention herein 
15 shown and described are to be taken as the presently preferred embodiments. Various changes may be 
made in the shape, size and arrangement of parts. For example, equivalent elements may be substituted 
for those illustrated and described herein, and certain features of the invention may be utilized 
independently of the use of other features, all as would be apparent to one skilled in the art after having 
the benefit of this description of the invention. 
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